Introduction {#S1}
============

*Mycobacterium tuberculosis* (*Mtb*), the etiological agent of tuberculosis (TB), infects one third of the world's population, causing clinical pulmonary TB in \~9 million people and resulting in \~1.3 million deaths per year^[@R1]^. The variable efficacy of the current TB vaccine *Mycobacterium bovis* BCG against pulmonary TB, along with the recent emergence of drug-resistant *Mtb* strains has prompted the search for novel vaccines for TB^[@R2]^. The paradigm for TB vaccine development in the past has focused on targeting enhancement of IFN-γ secretion in T cells to mediate early macrophage activation and bacterial killing^[@R3]^. However, despite induction of high levels of IFN-γ production in adults and infants^[@R4],[@R5]^, the recombinant TB vaccine MVA85A tested in human clinical trials failed to protect against TB disease in infants^[@R6]^. These studies highlight the importance of exploring new and more effective pathways to improve vaccine-induced immunity against TB.

In recent years, Th17 cells have emerged as one of the primary effector cells that mediate inflammation in autoimmune diseases^[@R7]^. On the other hand, Th17 cells are critical for mediating immunity against extracellular bacterial and fungal pathogens^[@R8]^ as well as in vaccine-induced protection against several mucosal pathogens^[@R9]^, including *Mtb*^[@R10]^. Indeed, our studies were amongst the earliest to show that parenteral vaccine-induced Th17 cells populate the lung and respond rapidly to *Mtb* infection, thus enabling *Mtb* containment^[@R11]^. More recently, we have shown that mucosal vaccine-driven protection is dependent on IL-17 production by Th17 cells, subsequent production of chemokines, localization of T cells and B cells for formation of organized ectopic B cell follicles facilitating activation of *Mtb*-infected macrophages^[@R12]^. In addition, several vaccination strategies have been shown to promote potent, long-lasting Th17 responses. For example, immunization with two tuberculosis fusion proteins, H1 and H28 in adjuvant CAF01^[@R13]^, and vaccination with the recombinant BCG strain rBCGΔureC:Hly in mice^[@R14]^, both induce strong Th17 responses, which are associated with superior protection to *Mtb* challenge. However, despite the emerging consensus that Th17 cells are critical for vaccine-induced immunity against TB, the exact cytokine and immune requirements that enable Th17-induced recall protection upon *Mtb* challenge remain unclear. Delineating the immune characteristics of Th17 cells that mediate recall protection against TB is critical for targeting Th17 responses for development of improved vaccines against TB.

In this study, we have investigated the requirements for Th17 cell-induced recall protection against *Mtb* challenge by utilizing a tractable adoptive transfer model in mice infected with *Mtb*. Using this model, our studies demonstrate that adoptive transfer of *Mtb*-specific Th17 cells into naïve hosts and upon *Mtb* challenge, leads to early cytokine production and confers protection at levels similar to that seen with vaccination strategies. In addition, our new results demonstrate that protective Th17 recall responses are IL-12 and IL-21-independent, but completely IL-23-dependent. Surprisingly, we show that the ability to co-produce IFN-γ by Th17 cells is detrimental to long-lasting protective recall immunity against *Mtb* challenge, suggesting than efforts to limit IFN-γ production rather than enhance IFN-γ production in vaccine-induced T cells may improve efficacy of TB vaccines. Our data also demonstrate that Th17-induced protection is dependent on expression of CXCR5 for strategic localization of T cells within and around organized B cell follicles, thus mediating efficient macrophage activation and *Mtb* control. Given the urgency for the development of safe and effective vaccines against TB, our data presented here identify new immune mechanisms that can be harnessed to improve recall responses by Th17 cells for vaccine design against TB.

Methods {#S2}
=======

Animals {#S3}
-------

C57BL/6 (B6) animals were purchased from Taconic. IFNγ^−/−^ mice on the B6 background were purchased from The Jackson Laboratory (Bar Harbor, ME). Early Secretory Antigenic Target-6 (ESAT-6) αβ TCR Tg mice recognize IA^b^/ESAT-6~1--20~ and were provided by G. Winslow (Wadsworth Center, Albany, New York, USA) and D. Woodland (Trudeau Institute, Saranac Lake, New York, USA)^[@R15]^. The ESAT-6 TCR Tg mice were crossed and maintained on the Rag1^−/−^ background or crossed to Thy1.1 mice for in vivo tracking experiments. ESAT-6.Rag^−/−^ mice were further crossed to IFNγ^−/−^ and CXCR5^−/−^ mice to generate ESAT-6 TCR Tg mice deficient in these specific genes. IL-12p35^−/−^, IL-21^−/−[@R16]^ *and* IL-23p19^−/−\ [@R17]^ *mice* were maintained in the animal facility either at the University of Pittsburgh or at Washington University in St. Louis. Experimental mice were age- and sex-matched and used between the ages of 6--8 weeks. All mice were maintained and used in accordance with the approved University of Pittsburgh and Washington University in St. Louis IACUC guidelines.

Adoptive T cell transfer and experimental infections {#S4}
----------------------------------------------------

Naïve T cells were isolated from ESAT-6 Tg mice using CD4^+^ (L3T4) magnetic bead sorting (Miltenyi Biotec, San Diego, CA). To generate Th17 cells, CD4^+^ T cells were cultured at a 1:1 ratio with BMDCs in the presence of ESAT-6~1-20~ peptide (10 μg/mL), recombinant (r)-mouse IL-2 (10 U/mL), r-mouse IL-6 (30 ng/ml R&D Systems), r-mouse IL-23 (50 ng/ml R&D Systems), r-human TGF-β (5 ng/mL R&D Systems), anti-IL-4 antibody (10 μg/mL), and anti-IFN-γ antibody (10 μg/mL) in Iscove's Modified Dulbecco's Medium (Life Technologies, Grand Island, NY). For Th1 cells, CD4^+^ T cells were cultured at a 1:1 ratio with BMDCs in the presence of ESAT-6~1-20~ peptide (10 μg/mL), r-mouse IL-2 (10 U/mL), r-mouse IL-12 (10 ng/ml R&D Systems) and anti-IL-4 antibody (10 μg/mL) in Iscove's Modified Dulbecco's Medium (Life Technologies, Grand Island, NY). For adoptive transfer, mice received 20×10^6^ T cells by intravenous transfer, following which mice were rested for an average of 7 days before exposure to *Mtb*. In some experiments, cultured T cells were re-stimulated for 48 hours in the presence of a 1:1 ratio of irradiated splenocytes and ESAT-6~1-20~ peptide (10 μg/mL) for analysis of cytokine production in the supernatant or by intracellular staining and flow cytometry.

The H37Rv strain of *Mtb* was grown in Proskauer Beck medium containing 0.05% Tween-80 to mid-log phase and frozen in 1mL aliquots at −80°C. For *Mtb* aerosol infections, animals were infected with 100 Colony Forming Units (CFU) of bacteria using a Glas-Col airborne infection system as described previously^[@R18]^. Lung bacterial burden was established by plating out organ homogenates on 7H11 agar plates^[@R18]^. For vaccination, ^400^ μg of the immunodominant I-A^b^-restricted ESAT-6~1-20~ peptide (New England Peptide) were administered subcutaneously in the adjuvant mixture of MPL (monophosphoryl lipid A, Sigma-Aldrich), TDM (trehalose dicorynomycolate, Sigma-Aldrich) and DDA (dimethyl dioctadecylammonium bromide, Eastman Kodak) in a final volume of 200 μL and mice were challenged after a 30-day period of rest^[@R11]^. ESAT6~1-20~ peptide (133.3 μg) was mixed with LT-IIb holotoxin (1μg) and unanesthetized mice were mucosally vaccinated intranasally 3 times at 2-week intervals, such that the total amount of ESAT6~1-20~ used was 400 μg.

Lung single-cell preparation and detection of cytokine-producing cells by ELISpot assay {#S5}
---------------------------------------------------------------------------------------

Lung suspensions from *Mtb*-infected mice were prepared as described previously^[@R11]^ and were used in ELISpot assays as described below. Antigen-specific IFN-γ-producing and IL-17-producing cells were analyzed by ELISpot assay. Multi-screen HA filter plates (Millipore, Billerica, MA) were coated with anti-IFN-γ (BD Biosciences) or anti-IL-17 (R&D Systems) antibodies. Single cell suspensions were added to the plate at a starting concentration of 1×10^5^ cells/well and doubling dilutions made. Cells were cultured overnight in the presence of 1×10^6^ irradiated splenocytes and 10 μg/mL ESAT-6~1-20~ peptide and 10 U/mL recombinant mouse IL-2. The following day, biotinylated anti-IFN-γ or anti-IL-17 antibody (both from eBioscience, San Diego, CA) was added and incubated overnight. Plates were developed by incubation with streptavidin-alkaline phosphatase (Vector Labs, Burlingame, CA) for two hours, followed by incubation with NBT/BCIP (Sigma Aldrich). Spots were enumerated using a CTL-ImmunoSpot analyzer (CTL, Shaker Heights, OH) and the frequency and total number of responding cells calculated as described before^[@R11]^.

Detection of cytokine-producing cells by flow cytometry {#S6}
-------------------------------------------------------

The presence of Thy1.1^+^ congenically labeled ESAT-6 TCR Tg T cells, as well as the presence of cells producing IFN-γ and IL-17 was determined by flow cytometry. Single cell suspensions were stimulated for six hours in the presence of 50 ng/mL phorbol-myristate acetate and 750 ng/mL ionomycin, as well as 5 μL/mL GolgiStop (BD Biosciences). Cells were treated with Fc Block (anti-CD16/CD32, BD Biosciences) before surface staining for CD3 (clone 500A2, AlexaFluor 700-conjugated, BD Biosciences), CD4 (clone RM4-5, Pacific Blue-conjugated, BD Biosciences) and CD44 (clone IM7, PE-Cy7-conjugated, eBiosciene). Cells were then fixed and permeabilized using the Cytofix/Cytoperm fixation permeabilization kit (BD Biosciences) before staining for IL-17 (clone TC11-18H10, PE-conjugated, BD Biosciences) and IFN-γ (clone XMG1.2, APC-conjugated, BD Biosciences). Cell staining was analyzed on an LSR Fortessa (BD Biosciences), and results were processed using FlowJo (Treestar, Ashland, OR).

Determination of protein concentration {#S7}
--------------------------------------

ELISA antibody pairs were used to detect cytokine levels (DuoSet; R&D Biosystems) in cell culture supernatants.

Immunohistochemistry {#S8}
--------------------

Lung lobes were perfused with 10% neutral-buffered formalin and embedded in paraffin. For immunofluorescent staining, formalin-fixed lung sections were cut, immersed in xylene to remove paraffin, and then sequentially hydrated in absolute ethanol, 95% ethanol, 70% ethanol and water. Antigens were unmasked with a DakoCytomation Target Retrieval Solution (Dako, Carpinteria, CA) and non-specific binding was blocked with 5% (v/v) normal donkey serum and Fc block (BD Pharmingen). Endogenous biotin (Sigma-Aldrich) was neutralized by adding avidin followed by incubation with biotin. Sections were probed with anti-CD45R/B220 to detect B cells (Clone RA3-6B2, BD Pharmingen), anti-CXCL13 (AF470, R&D systems) and anti-CD3 to detect T cells (Clone M-20, Santa Cruz Biotechnology, Santa Cruz, CA). B-cell follicles were outlined with the automated tool of the Zeiss Axioplan 2 microscope (Carl Zeiss, Thornwood, NY) and average size in squared microns was calculated as described before^[@R12]^.

Statistical analysis {#S9}
--------------------

Statistical analysis to determine differences between experimental groups was performed in GraphPad Prism 5 (Graph Pad, La Jolla, CA) using two-tailed Student's t-test. Differences were considered significant when p≤0.05. All analyses were performed using GraphPad Prism Software.

Results {#S10}
=======

Th17 recall responses mediate *Mtb* control in an IL-12 and IL-21-independent, but IL-23-dependent manner {#S11}
---------------------------------------------------------------------------------------------------------

Th17 recall responses are associated with vaccine-induced protection against TB^[@R11],[@R12],[@R19],[@R20]^, but the cytokines and factors that are required for effective Th17 recall responses in vivo upon *Mtb* challenge are not well described. In order to study the requirements for Th17 recall responses in vivo upon *Mtb* challenge, we isolated naïve CD4^+^ T cells from ESAT-6 T cell receptor (TCR) transgenic (Tg) mice and differentiated them in vitro under Th1 or Th17-skewing conditions. As expected, Th17 cells produced high levels of IL-17A (IL-17) and IL-21, but not IFN-γ, when compared to Th1 cells which produced IFNγ (Supl. [Fig 1A, B](#F1){ref-type="fig"}). In vitro differentiated Th17 cells were then adoptively transferred into C57BL/6 (B6) hosts and following a period of rest, mice were challenged with low doses of aerosolized *Mtb* H37Rv. We found that adoptive transfer of Th17 cells into B6 hosts resulted in lower lung bacterial burden, when compared to control B6 mice that did not receive cells ([Fig 1A](#F1){ref-type="fig"}). Importantly, the level of protection conferred by adoptive transfer of Th17 cells was comparable to parenteral or mucosal immunization with ESAT-6~1-20~, an immunodominant *Mtb* antigen, known to confer vaccine-induced protection upon *Mtb* challenge^[@R11],[@R12],[@R19]^ ([Fig 1A](#F1){ref-type="fig"}). Importantly, upon *Mtb* challenge, early IL-17 antigen-specific recall responses were observed in mice that received Th17 cells and mice that were previously vaccinated, when compared to unvaccinated mice which did not exhibit early IL-17 responses ([Fig 1B](#F1){ref-type="fig"}). In addition, mucosally vaccinated mice had increased recall protection when compared to parenterally vaccinated mice ([Fig 1A](#F1){ref-type="fig"}) and this coincided with increased accumulation of early IL-17 responses in the lung upon *Mtb* challenge ([Fig 1B](#F1){ref-type="fig"}). These data suggest that the recall response mediated by adoptive transfer of in vitro generated Th17 cells was by itself sufficient to control *Mtb* to levels comparable to prior vaccination. Thus, our model of adoptive transfer of antigen-experienced Th17 cells is an useful tool to study the factors required for effective Th17 recall responses in vivo upon *Mtb* challenge.

Th17 cell differentiation occurs in the presence of the polarizing cytokines IL-6 and TGF-β^[@R21],[@R22]^. In addition, IL-23 mediates commitment to the Th17 subset23, while autocrine production of IL-21 induces Th17 differentiation^[@R24]^. While much is understood about how Th17 cells differentiate in vitro and during primary immune responses, the requirements for Th17 recall responses in vivo, specifically upon *Mtb* recall challenge have not been well characterized. Thus, using the Th17 cell adoptive transfer model, we then addressed the role of IL-12, IL-23 and IL-21 in mediating effective Th17 recall responses and conferring protection upon *Mtb* challenge. IL-12 is a polarizing cytokine required for differentiation of Th1 responses^[@R25],[@R26]^, and is thus critical for protective immunity against TB^[@R27]^. Accordingly, IL-12p35−/− control mice were more susceptible to *Mtb* challenge when compared to B6 control mice ([Fig 1C](#F1){ref-type="fig"}). Similar to B6 mice that received Th17 cells ([Fig 1A](#F1){ref-type="fig"}), adoptive transfer of Th17 cells into IL-12p35^−/−^ mice resulted in reduction in lung *Mtb* burden ([Fig 1C](#F1){ref-type="fig"}), suggesting that although IL-12 is required for protective primary immunity against TB, IL-12 is not required for protective Th17 recall responses upon *Mtb* challenge. Interestingly, IL-12p35^−/−^ mice that received Th17 cells also exhibited increased ESAT-6-specific IFN-γ-producing T cells ([Fig 1D](#F1){ref-type="fig"}), and increased ESAT-6-specific IL-17-producing cells, when compared to cytokine-production in naïve B6 mice ([Fig 1E](#F1){ref-type="fig"}). IL-21 is a cytokine that is involved in the induction of Th17 cells^[@R24]^. As previously described^[@R16]^, IL-21^−/−^ mice challenged with *Mtb* did not have increased bacterial burden compared to B6 control mice. Interestingly, Th17 adoptive transfer into IL-21^−/−^ mice improved *Mtb* control, when compared to IL-21^−/−^ mice that did not receive cells ([Fig 1F](#F1){ref-type="fig"}). These results indicate a dispensable role for IL-21 in both primary immunity^[@R16]^ as well as protective Th17 recall responses in TB. The protection afforded in the IL-21^−/−^ mice coincided with generation of efficient *Mtb*-specific IFN-γ-producing ([Fig 1G](#F1){ref-type="fig"}) and IL-17-producing ([Fig 1H](#F1){ref-type="fig"}) T cell responses. Interestingly, when we transferred in vitro-differentiated Th17 cells into IL-23p19^−/−^ mice and evaluated their ability to confer protection upon *Mtb* challenge, we found that IL-23 was required for Th17-induced protection. As shown before^[@R18]^, IL-23p19−/− control mice are not more susceptible to *Mtb* infection, when compared to B6 control mice. However, IL-23p19^−/−^ mice that received Th17 cells had comparable lung bacterial burdens to IL-23p19^−/−^ mice that did not receive T cells ([Fig 1I](#F1){ref-type="fig"}), suggesting that despite a dispensable role for IL-23 in primary immunity to *Mtb* infection, IL-23 has a critical role in Th17 recall response mediated protection against *Mtb* infection. Incidentally, IL-23p19^−/−^ mice that received Th17 cells and did not mediate early *Mtb* control also exhibited defective IL-17 responses ([Fig 1K](#F1){ref-type="fig"}), although ESAT-6-specific IFN-γ responses were robust and at levels comparable to B6 *Mtb*-infected mice ([Fig1J](#F1){ref-type="fig"}). These data together project a critical role for IL-23, but not IL-12 or IL-21 in Th17 recall responses in response to *Mtb* infection. In addition, these data clearly show that Th17 cells generated in vitro in the presence of IL-23, still required the presence of IL-23 for effective Th17 recall response following *Mtb* challenge.

Transferred Th17 recall responses occur early upon *Mtb* challenge and produce both IFN-γ and IL-17 {#S12}
---------------------------------------------------------------------------------------------------

To further understand the immune features of Th17 recall responses, we tracked Thy1.1^+^ Th1 or Th17 cells upon adoptive transfer in B6 Thy1.2^+^ congenic hosts. We found that adoptively transferred Th17 cells preferentially migrated to, and were retained in the lung compartment, when compared to similarly transferred Th1 cells ([Fig 2A,B](#F2){ref-type="fig"}). To further delineate the early kinetics of Th17 recall responses upon *Mtb* challenge, we isolated naïve undifferentiated Thy1.1^+^ Th0 cells, or in vitro generated Thy1.1^+^ Th17 cells or Th1 cells from ESAT6 TCR Tg mice and adoptively transferred cells into B6 Thy1.2^+^ congenic mice, rested mice and then challenged them with *Mtb*, and early Thy1.1^+^ *Mtb*-specific recall responses were assessed on days 10, 12 and 14 post *Mtb* infection (gating strategy shown in [Fig 2C](#F2){ref-type="fig"}). Consistent with our observation that Th17 cells accumulate and are retained in the lung upon adoptive transfer and prior to *Mtb* challenge ([Fig 2A--B](#F2){ref-type="fig"}), we observed that the number of Th17 cells increased in the lungs between days 12 and 14 post *Mtb* challenge ([Fig 2C, D](#F2){ref-type="fig"}). This was in contrast to B6 mice that received Th0 cells or Th1 cells, where significantly fewer ESAT-6-specific Th cells were detected in the lungs at these early time points ([Fig 2D](#F2){ref-type="fig"}). This is consistent with previous studies which have shown that *Mtb*-specific Th0 cells take 13--18 days to accumulate in the *Mtb*-infected lungs^[@R15],[@R28],[@R29]^. Interestingly, in vitro differentiated Th17 cells which were primarily IL-17-producers at the time of transfer ([Suppl. Fig 1A](#SD1){ref-type="supplementary-material"}) produced IFN-γ following *Mtb* challenge, with or without IL-17 expression ([Fig 2E](#F2){ref-type="fig"}). The majority of the adoptively transferred *Mtb*-specific Th17 cells were activated as detected by expression of CD44 ([Fig 2C](#F2){ref-type="fig"}), suggesting that the ability to co-produce IFN-γ is not due to in vivo priming of undifferentiated adoptively transferred T cells. These data together show that antigen-experienced *Mtb-*specific Th17 cells accumulate early in the lungs following *Mtb* challenge when compared to naïve Th0 cells or antigen-experienced Th1 cells. In addition, our new data demonstrate that in vitro differentiated Th17 recall responses which did not produce much IFNγ at the time of adoptive transfer ([Suppl. Fig 1](#SD1){ref-type="supplementary-material"}), upon transfer can confer protection to *Mtb* challenge ([Fig 1A](#F1){ref-type="fig"}), can acquire the ability to co-produce IFN-γ during early recall responses. Furthermore, we adoptively transferred ESAT6 TCR Tg Th0 cells into B6 Thy1.2 mice which were then parenterally vaccinated, rested and then challenged with *Mtb*. Similarly to the data with the adoptive transfer of Th17 cells and *Mtb* challenge, we found that vaccine-induced cells also accumulated between day 10--13 in the lung and co-produced IFN-γ and IL-17 ([Fig 2F](#F2){ref-type="fig"}). Thus, our data show that Th17 recall responses in the adoptive transfer model occur early upon *Mtb* challenge, produce both IFN-γ and IL-17 and compare well with natural models of vaccine-induced recall responses.

IFN-γ production by Th17 cells limits recall protection against *Mtb* challenge {#S13}
-------------------------------------------------------------------------------

Given the ability of adoptively transferred Th17 antigen-experienced cells to co-produce IFN-γ ([Fig 2E](#F2){ref-type="fig"}), we next sought to determine whether IFN-γ or IL-17 production by Th17 cells was mediating the control upon *Mtb* challenge. Thus, we generated in vitro differentiated Th17 cells from ESAT-6 TCR Tg IFN-γ-deficient and IFN-γ-sufficient ESAT6 TCR Tg mice and adoptively transferred similar numbers of ESAT-6 TCR Tg IFN-γ-deficient or IFN-γ-sufficient Th17 cells into IL-12p35^−/−^ mice which lack IFN-γ responses ([Fig 1D](#F1){ref-type="fig"}), and determined lung bacterial burden following *Mtb* challenge. Surprisingly, not only was IFN-γ dispensable for Th17-induced protection, but IFN-γ deficiency in Th17 cells further improved protection in IL-12p35^−/−^ mice, when compared to adoptive transfer of IFN-γ-sufficient Th17 cells ([Fig 3A](#F3){ref-type="fig"}). Our recent work has demonstrated a critical role for IL-17 in induction of CXCL-13 and formation of ectopic lymphoid structures in the lung for early *Mtb* control^[@R16],[@R30]^. Consistent with these findings, we found that adoptive transfer of IFN-γ-deficient Th17 cells more efficiently induced localized CXCL-13 protein expression within lymphoid follicles ([Fig 3B](#F3){ref-type="fig"}) and triggered the formation of well organized B cell follicles in the lungs ([Fig 3B, C](#F3){ref-type="fig"}), when compared to lungs of IL-12p35^−/−^ mice that received IFN-γ sufficient Th17 cells. Increased ectopic B cell follicle formation also coincided with a reduction in T cell perivascular cuffing ([Fig 3D](#F3){ref-type="fig"}), which is indicative of migration of T cells to areas containing *Mtb*-infected macrophages^[@R16]^. Importantly, upon *Mtb* challenge, we found that the IL-17 antigen-specific responses detected in IL- 12p35−/− mice which received either ESAT-6 TCR Tg IFN-γ-deficient and IFN-γ-sufficient Th17 cells was comparable ([Fig 3E](#F3){ref-type="fig"}). These findings together project that not only is IFN-γ production by Th17 cells dispensable for T cell recall immunity against TB, but in fact, presence of early IFN-γ is detrimental to recall immunity against *Mtb* challenge.

*M.bovis* BCG, the current vaccine against TB, confers protection against pediatric cases of disseminated TB, but its efficacy against adult pulmonary TB ranges from 0 to 80%. Defining the requirements for induction of long-lasting protective immunity is therefore a key parameter in the development of more efficacious vaccines against TB. Thus, we next determined whether Th17-induced protection observed in the IL-12p35^−/−^ mice ([Fig 3](#F3){ref-type="fig"}) was long-lasting and whether the absence of IFN-γ in adoptively transferred cells conferred any advantage to *Mtb* control in hosts. Accordingly, we found that although IL-12p35^−/−^ mice that received Th17 cells had short-term protection ([Fig 3A](#F3){ref-type="fig"}), the IL-12p35^−/−^ hosts that received Th17 cells lost the protective effects around 100 days post-challenge ([Fig 4A](#F4){ref-type="fig"}). This was despite the fact that IL-12p35^−/−^ hosts which received Th17 cells had significantly larger B cell follicles ([Fig 4B, C](#F4){ref-type="fig"}), increased localization of CXCL13 protein within follicles ([Fig 4B](#F4){ref-type="fig"}), and decreased T cell perivascular cuffing ([Fig 4B, D](#F4){ref-type="fig"}), when compared to IL-12p35^−/−^ mice that did not receive Th17 cells. Importantly, transfer of IFN-γ-deficient Th17 cells conferred sustained long-term protection in IL-12p35^−/−^ mice ([Fig 4A](#F4){ref-type="fig"}), and this coincided with significantly larger ectopic lymphoid follicles ([Fig 4B, C](#F4){ref-type="fig"}) and decreased T cell perivascular cuffing ([Fig 4D](#F4){ref-type="fig"}), indicating that the establishment of a certain threshold B cell follicle size may be required for long-lasting *Mtb* containment. These data together for the first time suggest that the ability to produce IFN-γ by Th17 cells may compromise long-lasting protective ability of T cell recall responses following *Mtb* challenge.

CXCR5 expression on adoptively transferred Th17 cells is critical for the protective recall responses against TB {#S14}
----------------------------------------------------------------------------------------------------------------

We have recently described a role for early vaccine-induced IL-17 in mediating CXCL-13 expression which resulted in localization of CXCR5^+^ cytokine producing T cells near *Mtb*-infected macrophages, an event crucial for optimal *Mtb* control^[@R12]^. The correct localization of T cells expressing CXCR5 within the lung parenchyma, results in formation of lymphoid structures within TB granulomas, which is required for activation of infected macrophages for control of *Mtb*^[@R16]^. We have found that measurement of B cell follicle formation can be used as an effective readout of T cell localization within TB granulomas and *Mtb* control^[@R12],[@R16],[@R31],[@R32]^. Using Cxcr5^−/−^ ESAT6 TCR Tg Th17 cells, we next determined whether expression of this receptor was required for Th17-driven protection in recall responses to *Mtb* challenge. Thus, we adoptively transferred either no cells, Th17 cells, IFN-γ-deficient Th17 cells or CXCR5-deficient Th17 cells into B6 mice and following a period of rest, challenged mice with low doses of *Mtb*. We found that similar to our data with IL-12p35^−/−^ mice that received IFN-γ-deficient Th17 cells ([Fig 3](#F3){ref-type="fig"},[4](#F4){ref-type="fig"}), absence of IFN-γ in Th17 cells conferred better recall protection even in B6 mice, when compared to B6 mice that received IFN-γ-sufficient Th17 cells ([Fig 5A](#F5){ref-type="fig"}). Most importantly, we found that B6 mice that received CXCR5-deficient Th17 cells exhibited impaired *Mtb* control, while B6 mice that received CXCR5-sufficient Th17 cells conferred protection ([Fig 5A](#F5){ref-type="fig"}), suggesting that expression of CXCR5 on Th17 cells is critical for the protective recall responses mediated by Th17 cells. Cxcr5^−/−^ mice do not form ectopic lymphoid structures and are more susceptible to *Mtb* challenge^[@R16]^. Thus, we next addressed if adoptive transfer of CXCR5-sufficient Th17 cells is sufficient to rescue ectopic structure formation and confer protective recall responses in Cxcr5^−/−^ mice. We found that adoptive transfer of ESAT6 TCR Tg Th17 cells into Cxcr5^−/−^ mice resulted in improved *Mtb* control ([Fig 5B](#F5){ref-type="fig"}), suggesting that presence of CXCR5 on adoptively transferred Th17 cells was necessary to mediate recall responses in CXCR5-deficient hosts. This was associated with improved B cell follicle formation ([Fig 5C, E](#F5){ref-type="fig"}), and diminished T cell perivascular cuffing ([Fig 5D, 5E](#F5){ref-type="fig"}). Taken together, these results indicate that CXCR5 expression on Th17 cells during recall responses is necessary for correct localization of T cells within the lung parenchyma near infected macrophages to mediate *Mtb* control.

Discussion {#S15}
==========

The recent emergence of drug resistant *Mtb* strains^[@R2]^, the spread of the HIV-TB co-epidemic^[@R2]^ and the disappointing efficacy data from the recent human clinical trials with MVA85A^[@R6]^, together highlight the big gaps in our understanding of how protective recall responses function during *Mtb* challenge. If we want to reach the deadline of elimination of TB as a public health problem by 2050, the development of safe and more effective vaccines against TB is urgent and an area of top priority. Early studies projected Th1 responses and the cytokine IFN-γ in primary protection against TB^[@R33]^, where it plays a role in the potentiation of macrophage killing mechanisms. Thus, most vaccines in the past have used induction of IFN-γ responses as a correlate for vaccine efficacy^[@R10]^. However, recent studies have demonstrated that while vaccine-induced protection occurs in the absence of IFN-γ, vaccine-induced recall protection is lost in the absence of IL-17^[@R11],[@R12],[@R19],[@R20]^. Thus, it is now becoming clear that targeting Th17 cells rather than Th1 cells to improve vaccine-induced immunity may enhance the efficacy of future vaccine strategies against TB^[@R10],[@R34]^. However, in order to improve Th17 recall responses, we need to first understand the immune characteristics of Th17 recall responses that confer protection against *Mtb* challenge. Thus, using a Th17 cell transfer model, we have identified that Th17 recall responses are dependent on IL-23, while endogenous IL-12 and IL-21 are not required for effective Th17 recall responses. In addition, we demonstrate that upon *Mtb* challenge, Th17 recall responses appear earlier than naïve or Th1 cells and acquire the ability to produce IFN-γ. Importantly, the ability to produce IFN-γ is in fact detrimental to long-lasting protective recall responses against TB, while expression of CXCR5 by Th17 cells is necessary to mediate strategic positioning of Th17 recall responses within the lung to promote early *Mtb* control. Thus, identification of new immune characteristics of Th17 cells as described in this paper, are critical to harness novel pathways to enhance Th17 recall responses for design of more effective vaccines against TB.

Our new data show that adoptive transfer of ESAT-6-specific Th17 cells into naïve hosts followed by a period of rest and *Mtb* challenge, results in similar levels of protection as prior vaccination with ESAT-6~1-20~ antigen in adjuvant. IL-23 is as an important factor in differentiation of effector Th17 cells^[@R23]^. Accordingly, our early work showed that IL-23p19^−/−^ mice vaccinated with parenteral *Mtb* antigen vaccine had reduced priming of Th17 responses and demonstrated loss of vaccine-induced protection upon *Mtb* challenge, suggesting that IL-23 was critical for initiation of vaccine-induced Th17 responses^[@R11]^. However, because IL-23p19^−/−^ vaccinated hosts have defects in initiation of Th17 responses, we cannot use IL-23 deficient hosts to specifically address if IL-23 has a role to play in Th17 recall responses upon *Mtb* challenge. Thus, our studies in the present paper demonstrate for the first time that Th17 cells primed in vitro in the presence of IL-23 also require the presence of IL-23 for effective Th17 recall responses that contribute to protection upon *Mtb* challenge. This is consistent with a recent study that showed an important role for IL-23 in activation of memory Th17 cells in a model of Experimental Autoimmune Encephalomyelitis (EAE)^[@R35]^. Interestingly, immune pathways that are important for primary immunity against TB such as IL-12 and IFN-γ are dispensable for Th17 recall protective responses. Thus, our data show a critical role for IL-23, but not IL-12 and IL-21, in activation of Th17 recall responses for protection against *Mtb* challenge, projecting IL-23 as a key target pathway in both generation of Th17 responses^[@R11]^ and activation of Th17 recall responses upon *Mtb* challenge.

Our previous data showed that parenteral vaccination induces a population of antigen-specific Th17 cells in the lungs, which are required for vaccine-induced protection against *Mtb* challenge ^[@R11]^. Our current data support these findings as they show that adoptive transfer of Th17 cells also results in accumulation and persistence of Th17 cells in the lung compartment, suggesting that specific chemokine receptor expression such as CCR4 on Th17 cells^[@R11]^, may regulate the preferential accumulation in mucosal compartments. Consistent with these findings, improving lung Th17 populations by mucosal immunization strategies enhances protection against *Mtb* challenge^[@R12],[@R20]^. Our data show that upon *Mtb* challenge, accumulation of Th17 recall responses occurs prior to accumulation of either Th1 recall responses or Th0 cells in the lungs of *Mt*b-infected mice, suggest that the preferential location of Th17 cells in the mucosal compartment may serve an advantage and improve protection upon pulmonary *Mtb* challenge. Interestingly, even in a mouse model of *Mtb* infection, drug therapy and reinfection with *Mtb*, a steady increase in "memory" Th17 cells was observed early in lungs of reinfected mice^[@R36]^. In addition, although it is interesting that the early accumulation of Th17 recall responses upon *Mtb* challenge coincides with production of IFN-γ, this is not a completely unexpected finding. Several recent studies have projected Th17 cells as inherently plastic and have shown that they can readily acquire the ability to co-produce IFN-γ, especially in inflammatory models35,37,38. In agreement with our findings, in observing long term vaccine-induced Th17 recall responses to *Mtb* challenge, it was found that not only did IL-17-producing CD4^+^ T cells accumulate in the lung earlier than IFN-γ-producing T cells, but IL-17-producing CD4+ T cells also co-produced IFN-γ^[@R13]^. However, it is surprising that adoptive transfer of IFN-γ-deficient Th17 cells into host mice results in more protective and long-lasting control of *Mtb*, suggesting a detrimental role for IFN-γ in recall responses against *Mtb* challenge. IFN-γ production has been shown to limit IL-17 production in T cells^[@R39]^, thus it is possible that IFN-γ deficiency in Th17 recall responses improves IL-17 production and downstream induction of chemokines and enhancement of *Mtb* control. However, our data show that IL-17 antigen-specific responses in IL-12p35−/− mice that receive IFN-γ sufficient or IFN-γ deficient Th17 cells is comparable following *Mtb* challenge, suggesting that this is likely not the mechanism by which IFN-γ-deficient Th17 cells confer improved protection. In addition, the increased protection afforded by adoptive transfer of IFN-γ-deficient Th17 cells holds true irrespective of whether IFN-γ-deficient Th17 cells are transferred into B6 mice or IL-12 deficient mice, suggesting that early IFN-γ production by Th17 recall responses is detrimental to *Mtb* control. This is in contrast to a study that adoptively transferred IFN-γ deficient BCG-specific Th17 cells into immune-deficient mice where absence of IFN-γ did not improve protective outcomes in a systemic intravenous model of *Mtb* infection in mice^[@R40]^. These results suggest that the mechanisms by which IFN-γ may limit protective recall immunity in a pulmonary model as shown in this study, may be different from recall immunity in systemic infection models. Our findings are further supported by a recent study that used both experimental and mathematical approaches to demonstrate that the control of *Mtb* burden in the lung was not immediate after onset of IFNγ responses in the lung^[@R41]^. As IFN-γ production has been conventionally used as a correlate for vaccine efficacy against TB, our findings instead project an important role for targeting IL-17 while limiting IFNγ in vaccine design for TB, and as such needs to explored in different preclinical vaccine models.

IL-17 induces expression of the homeostatic chemokines CCL-19 and CXCL-13^[@R42]^, which orchestrate the formation of ectopic B-cell follicles within inducible Bronchus-Associated Lymphoid Tissue (iBALT). Similarly, our recent findings in vaccine models of TB demonstrate that early vaccine-induced Th17 cells produce IL-17 to mediate expression of CXCL-13 in lung stromal cells, enabling CXCR5-expressing T cells to localize near *Mtb*-infected macrophages^[@R12]^. Thus, although B cells do not appear to play a role in low dose *Mtb* infection^[@R16],[@R43]^, the formation of B cell follicles within TB granulomas is a good readout of T cell localization, macrophage activation and *Mtb* control^[@R12],[@R16],[@R31],[@R32]^. Accordingly, our data show that effective Th17 recall responses coincide with localized CXCL-13 expression within lymphoid follicles, improved T cell localization and B cell follicle formation for enhanced *Mtb* control, while CXCR5 deficiency on Th17 cells abrogates the protective effects of Th17 recall immune responses. Similarly, although IL-17 and IL-23 are dispensable for primary immunity against lab adapted strains such as *Mtb* H37Rv, long-term control of *Mtb* is dependent on IL-23, and failure to contain *Mtb* infection in IL-23-deficient mice is associated with reduced B cell follicle formation^[@R44]^. More recently, we have shown that IL-17 is required for protective primary immunity and formation of B-cell follicles upon challenge with emerging clinical strains of *Mtb*, i.e. hypervirulent W-Beijing strains^[@R31]^, suggesting that design of vaccines for emerging *Mtb* strains must target the generation of Th17 cells for effective long term protection against TB. However, excess IL-17 production has been associated with severe lung pathology during TB^[@R32],[@R45]^. Thus, optimization of antigen delivery strategies that promote the generation and maintenance of lung resident Th17 cells, while minimizing potentially pathological effects of IL-17 should be carefully evaluated in preclinical models.

In conclusion, given the urgency for the development of safe and effective vaccines against TB, identification of immune characteristics of Th17 recall responses as described here can provide novel insights into pathways that can be targeted to improve vaccine design against TB. Our studies suggest that targeting Th17 cells, enhancing expression of CXCR5, or suppressing IFN-γ production in Th17 recall responses may all provide novel avenues and pathways to improve Th17 cell function and improve vaccine efficacy against TB.
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![Th17 recall responses mediate *Mtb* control through an IL-12 and IL-21-independent, but IL-23-dependent mechanism\
(A) C57BL/6 mice were vaccinated with ESAT-6~1-20~ peptide in MPL/TDM/DDA adjuvant as described, or mucosally vaccinated with ESAT-6~1-20~ in LT-IIb holotoxin mucosal adjuvant rested for 30 days and infected with \~100 cfu *Mtb* H37Rv. Naïve unvaccinated mice (UnVac) were included as controls. Alternatively, mice received 2×10^6^ ESAT-6 TCR Tg Th17 cells i.v., were rested and aerosol infected with \~100 cfu *Mtb* H37Rv. Lung bacterial burden 40 dpi was determined by plating on 7H11 agar plates. (B) IL-17-producing ESAT-6-specific CD4^+^ T cells were determined via peptide-driven ELISpot on day 15 post *Mtb* challenge. C57BL/6 (B6), IL-12p35^−/−^, IL-21^−/−^ or IL-23p19^−/−^ mice were left untreated (−) or received 2×10^6^ ESAT-6 TCR Tg Th17 cells by i.v. route, and were aerosol challenged with 100 cfu *Mtb* H37Rv. (C, F, I) Lung bacterial burden 40 dpi and (D, G, J) the number of IFN-γ or (E, H, K) IL-17-producing ESAT-6-specific CD4^+^ T cells were determined via peptide-driven ELISpot. The data points represent the mean (±SD) of values from 4--8 mice. \*p≤0.05, \*\*p≤0.01, \*\*\* p≤0.001](nihms652000f1){#F1}

![Th17 recall responses occur early and can produce both IFN-γ and IL-17\
2×10^6^ ESAT-6 TCR Tg Thy1.1^+^ Th0, Th1 or Th17 cells were transferred i.v. into C57BL/6 (Thy1.2^+^ congenic background) and lung cell suspensions were prepared on day 7 post-transfer. (A) Gating showing accumulation of adoptively-transferred cells in lungs day 7 and (B) total numbers of lung resident Th1 or Th17 adoptively transferred cells calculated. In a separate experiment, mice receiving adoptively-transferred cells were rested and then infected with \~100 cfu *Mtb* H37Rv via aerosol and lung cell suspensions analyzed at 10, 12 and 14 dpi by flow cytometry for cytokine production. (C) Gating strategy for flow cytometric analysis. Numbers of (D) CD3^+^CD4^+^CD44^+^Thy1.1^+^, and (E) cytokine-producing cells were determined. (F) In a separate experiment, B6 Thy1.2^+^ mice received 2×10^6^ ESAT-6 TCR Tg Th0 cells, were vaccinated with ESAT-6~1-20~ peptide in MPL/TDM/DDA adjuvant, rested and then infected with \~100 cfu *Mtb* via aerosol and cytokine-producing cells were determined in the lung at early time points. The data points represent the mean (±SD) of values from 5 mice. \*p≤0.05.](nihms652000f2){#F2}

![IFN-γ production in Th17 cells decreases the potency of recall protection against *Mtb* challenge\
Th17 cells were differentiated in vitro from IFN-γ sufficient and IFN-γ-deficient ESAT-6 TCR Tg mice. IL-12p35^−/−^ mice received 2×10^6^ ESAT-6 TCR Tg Th17 or IFN-γ-deficient Th17 cells i.v. or were left untreated (−), rested and aerosol infected with *Mtb*. (A) Lung bacterial burden 40 dpi was determined by plating on 7H11 agar plates. (B) Formalin-fixed, paraffin-embedded serial lung sections from the above groups were processed for immunofluorescence using antibodies specific for CXCL-13 or B220 and CD3. (C) The average size of B cell follicles and (D) the average area occupied by perivascular T cell cuffing were calculated using the morphometric tool of the Zeiss Axioplan microscope. (E) IL-17-producing ESAT-6-specific CD4^+^ T cells were determined via peptide-driven ELISpot. The data points represent the mean (±SD) of values from 5--8 mice. \*p≤0.05, \*\*p≤0.01, \*\*\*p≤0.001, ns-not significant.](nihms652000f3){#F3}

![IFN-γ-deficient adoptively transferred Th17 cells induce long-lasting protection against *Mtb* challenge\
IL-12p35^−/−^ mice received 2×10^6^ ESAT-6 TCR Tg Th17 or IFN-γ-deficient Th17 cells i.v. or were left untreated, rested and aerosol infected with *Mtb*. (A) Lung bacterial burden 100 dpi was determined by plating on 7H11 agar plates. (B) Formalin-fixed, paraffin-embedded serial lung sections from the above groups were processed for immunofluorescence using antibodies specific for CXCL-13, and B220 and CD3. (C) The average size of B cell follicles and (D) the average area occupied by perivascular T cell cuffing were calculated using the morphometric tool of the Zeiss Axioplan microscope. The data points represent the mean (±SD) of values from 5--8 mice. \*p≤0.05, \*\*p≤0.01, \*\*\*p≤0.001.](nihms652000f4){#F4}

![CXCR5 expression on Th17 cells is critical to mediate protective recall response following *Mtb* challenge\
B6 mice received 2×10^6^ ESAT-6 TCR Tg wild type (WT), IFN-γ-deficient or CXCR5-deficient Th17 cells i.v. or were left untreated, rested and aerosol infected with *Mtb*. (A) Lung bacterial burden 40 dpi was determined by plating on 7H11 agar plates. B6 or Cxcr5^−/−^ mice received 2×10^6^ ESAT-6 TCR Tg Th17 cells i.v. or were left untreated, rested and aerosol infected with *Mtb*. (B) Lung bacterial burden 40 dpi was determined by plating on 7H11 agar plates. Formalin-fixed, paraffin-embedded serial lung sections from the above groups were processed for immunofluorescence using antibodies specific for B220, CD3 and IgG. (C) The average size of B cell follicles and (D) the average area occupied by perivascular T cell cuffing were calculated from (E) B220, CD3 and IgG-stained lung sections. The data points represent the mean (±SD) of values from 5 mice. \*p≤0.05, \*\*p≤0.01, \*\*\*p≤0.001.](nihms652000f5){#F5}
